The cAMP receptor protein (CRP) of Escherichia coli is a dimer of a two-domain subunit. It requires binding of cAMP for a conformational change in order to function as a site-specific DNA-binding protein that regulates gene activity. The hinge region connecting the cAMP-binding domain to the DNA-binding domain is involved in the cAMPinduced allosteric change. We studied the structural changes in CRP that are required for gene regulation by making a large number of single and double amino acid substitutions at four different positions in or near the hinge. To achieve cAMPindependent transcription by CRP, amino acid residues 138 (located within the hinge region) and 141 (located in the D a-helix adjacent to the hinge) must be polar. This need for polar residues at positions 138 and 141 suggests an interaction that causes the C and D a-helices to come together. As a consequence, the F a-helix is released from the D a-helix and can interact with DNA. At position 144 in the D a-helix and within interacting distances of the F a-helix, replacement of alanine by an amino acid with a larger side chain, regardless of its nature, allows cAMP independence. This result indicates that pushing against the F a-helix may be a way of making the helix available for DNA binding. We believe that the cAMPinduced allosteric change involves similar hinge reorientation to adjust the C and D a-helices, allowing outward movement of the F a-helix.
The cAMP receptor protein (CRP) , when bound to cAMP, regulates expression of many genes in Escherichia coli (1) (2) (3) . Free CRP binds only nonspecifically to DNA at much lower efficiency. From a variety of biochemical and biophysical studies such as limited proteolysis (4) (5) (6) , chemical crosslinking (7), small-angle x-ray scattering (8) , and fluorescence studies (9, 10) , it appears that cAMP binding to CRP alters CRP conformation allosterically. The altered conformation binds to DNA with higher affinity and sequence specificity. Steitz and coworkers (11, 12) have determined the structure of the dimeric CRP-cAMP complex (Fig. 1) . Each subunit is composed of two domains: the large amino-terminal domain binds a molecule of cAMP and participates in the dimerization. The small carboxyl-terminal domain contains the DNAbinding segment, which has the helix-turn-helix DNArecognizing structure, similar to other DNA-binding proteins (12, 13) . The two domains are connected by a hinge polypeptide (residues 135-138). Recently, Schultz et al. (14) have also solved the structure ofa CRP-cAMP DNA cocrystal, and so it is known precisely how CRP binds to DNA. No one has solved the structure of CRP without a cAMP molecule bound, making it difficult to predict what structural effect cAMP binding to one domain would have on the other DNA-binding portion of the protein.
Taking a genetic approach to understand the structural changes that ensue following cAMP binding, we and others (15) (16) (17) have isolated and mapped mutations in the crp gene that allow cAMP independence. One of these mutations caused substitution of a serine for a glycine at position 141 and another of a threonine for an alanine at position 144. Glycine at position 141 in the D a-helix is oriented toward the interior of the hinge. Alanine in position 144, also in the D a-helix, faces the F a-helix, which is the recognition helix of the helix-turn-helix motif (see Fig. 1 ). Based on these results and the structure of the CRP-cAMP complex, we previously suggested the following model (15, 18) . The mutations cause a change in CRP conformation similar to that caused by cAMP. The substituted amino acid in both the 141 and the 144 position increases the distance between the F a-helix and the D a-helix. This movement is achieved by, among other changes, alteration in the relative position between the D a-helix and C a-helix (mutation at 141) or pushing against the F a-helix (mutation at 144). The new position of the F a-helix in each subunit allows CRP to make specific contacts with base edges in two adjacent DNA major grooves.
We have genetically tested the concept that cAMP independence of CRP is caused by changes in the distance between specific helices of the protein by replacing the amino acid at position 137, 138, 141, or 144, in and around the hinge, by a variety of amino acids. In doing so, we have also studied the effect of double amino acid substitutions in the hinge region to investigate possible interaction between amino acids 141 and 137 or 138. Our work follows the principle of Murgola and Yanofsky (19) , who implicated interaction between two amino acids in the a-subunit of tryptophan synthetase from E. coli by second-site mutational studies. Their interpretation has been verified by structural studies (20, 21) . In this work, we discuss the implication of the observed properties of CRP induced by the amino acid alterations in relation to the mechanism of allosteric changes in the protein.
MATERIALS AND METHODS
Strains. The E. coli strains used are listed in the table legends. We introduced Acrp and Acya markers into the hosts carrying the various tRNA suppressors by phage P1 transduction. The replacement of the chromosomal crp gene by the chloramphenicol resistance gene was made by replacing the crp gene and flanking regions (BssHII fragment) in pHA5 (22) with an FnuDII fragment from pBR325 (23) containing the gene encoding chloramphenicol resistance. In a similar manner to that described previously (24), we crossed the crp substitution first onto AcI857crp+ and then into the chromosome. Plasmid pJK40, encoding the crp+ gene and a nearby kanamycin-resistance marker, was derived from pHA5 (22) . The kanamycin-resistance marker, a GenBlock cassette purchased from Pharmacia, was inserted at the Cla I site (27) (28) (29) . These amber mutations in crp were suppressed with chromosomal suppressors supD, supE, supF, or supP, which insert the amino acids serine, glutamine, tyrosine, or leucine, respectively (29) . Table 1 shows the results of the suppression studies of single amber mutations at positions 141 and 144. In the presence of wild-type CRP and cAMP, the level of ,B-galactosidase synthesis varied from 220 to 1960 units, depending on the type of suppressor we used. This variation arises (29) . Therefore, we made direct substitutions at positions 141 and 144 by using the cognate codon for one of the suppressed amino acids, glutamine. Using direct codon substitutions, we also strove for a greater diversity of amino acids at both positions 141 and 144. Table 2 shows the results of direct codon substitutions that were constructed by site-directed mutagenesis. At position 141, arginine-, glutamine-, or lysinesubstituted mutants displayed a Crp* phenotype; i.e., they exhibited a high level of B-galactosidase in the absence of exogenous cyclic nucleotides. The case of glutamine confirmed that at least for this amino acid both direct substitution and suppression gave qualitatively the same results. Adding cAMP as well as cGMP inhibited the growth of cells carrying these mutations. Alanine, isoleucine, or valine substitution at 141 resulted in Crp+ phenotypes. These mutants responded well to cAMP but, unlike wild-type CRP, did not show the minimal response to cGMP. At position 144, phenylalanineor valine-substituted mutants were active in the absence of cyclic nucleotides. Addition of cAMP inhibited the growth of the cells carrying phenylalanine, valine, or cysteine substitution. cGMP also inhibited the growth of cells harboring the phenylalanine-substituted mutant. Although the cysteine mutant had no activity in the absence of cyclic nucleotide, it responded strongly to cGMP.
The numbers in Table 2 cannot be compared directly with those in Table 1 because the strain background in Table 2 Tables 1 and 3) . DISCUSSION CRP makes contact with DNA through amino acid-base interactions in which amino acid side chains of the recognition a-helix enter the major groove to make specific contacts with base edges (11) (12) (13) (14) . We have proposed that the recognition helix of CRP is unable to make such major-groove contacts unless its solvent-exposed amino acid side chains protrude out of the protein bulk (15, 18) . We believe that the protrusion is a result of the cAMP-induced allosteric transition of CRP. This conformation can also be achieved without cAMP, at least partially, by mutational changes in the protein (15) (16) (17) (30) (31) (32) . Previous genetic studies combined with structural information have suggested specific amino acid interactions to achieve a hinge bending-initiated protrusion of the F a-helix (11, 12, 14, 15) . One such potential interaction is between Gly141 of the D a-helix and Leu137 or Asp138 at the C a-helix end of the hinge region. We propose that this interaction(s) causes or facilitates hinge bending and repositioning, resulting in susceptibility of the carboxyl-terminal portion of the C a-helix to proteases. Reorientation or swiveling of the D a-helix changes the side of the D a-helix that faces the F a-helix. The amino acid residues at the D-F a-helices interface push the F a-helix away from the body of protein, very likely because of van der Waals repulsion. This protrusion of the F a-helix makes DNA contacts more favorable (Fig. 2) . Of course, concomitant to this process around the hinge, cAMP also induces alterations in the alignment between domains (11, 12, 18) . The domain-domain interaction is probably a result of cAMP interactions with the /8-roll portion of the cAMP binding site; e.g., there may be hydrogen bond formation between Tyr63 in /-sheet 5 and Glu171 in the E a-helix. Interactions such as 138-141 close to the hinge and distal interactions such as 63-171 undoubtedly contribute to stability. It seems that the 138-141 interaction may be necessary, but not sufficient, for optimal property.
In Proc. Natl. Acad. Sci. USA 89 (1992) at least partial independence of CRP from cAMP and stimulation by cGMP-i.e., imparts a Crp* phenotype. We correlated the relative f3-galactosidase activity of the various 141-substitution mutants with the hydration potential (33) and bulkiness of the side chain (34) . Substitutions assayed in the lac. strain were compared among themselves, as well as those assayed in a genotypically lac+ background. There was no correlation between bulkiness of the 141 side chain and activity in the absence of cAMP (r = -0.29 for the lace set and r = -0.01 for the lac+ set). However, there was a strong correlation between negative hydration potential and cyclic nucleotide-independent activity (r = -0.824 for the lac. set and r = -0.966 for the Iac+ set). These results show that a critical requirement for cAMP independence was the presence of a polar residue at 141. Double substitution experiments involving positions 141 and 137 or 138 gave an insight into how polar amino acids at position 141 may invoke an active CRP structure without cAMP.
We Position 144. Replacement of Ala44 by any amino acid tried resulted in a cAMP-independent phenotype. What these replacement amino acids have in common is that they are all larger than alanine. There is a good correlation between bulkiness and relative 3-galactosidase activity: for the lace set, r = 0.579, and for the lac+ set, r = 0.909. Based on this result and the position of amino acid 144 in the crystal structure, we affirm the model that the increased length of the substituted amino acid side chain allows pushing against the DNA-binding F a-helix. This change sets the F a-helix for proper binding in the major groove of DNA. Fig. 2 describes our model. Conformational change in protein by hinge bending has been well documented for T4 lysozyme (35) and E. coli Trp repressor (36) . Trp repressor is a gene-regulatory allosteric protein that requires L-tryptophan for the recognition of the operator sequence. By contrasting the crystal structures of the unliganded aporepressor and the liganded repressor, Sigler and coworkers showed that the binding of L-tryptophan to the aporepressor caused a change in the orientation of the DNA-binding helix-turn-helix motif by affecting the hinge connecting those helices (reviewed in ref. 36 ). This finding was further supported by the isolation of mutants in the hinge connecting two helices. In this mutant the small side chain of alanine was replaced by the bulkier side chain of valine and the mutant repressor did not require L-tryptophan for operator specific binding. Thus, the presence of a bulkier group in the hinge maintained the helix-turn-helix motif in the DNA-binding form. In a similar fashion, the hinge of CRP can be reoriented by cAMP or by amino acid substitution.
